Mice that lack the Nrf 2 basic-region leucine-zipper transcription factor are more sensitive than wild-type (WT) animals to the cytotoxic and genotoxic effects of foreign chemicals and oxidants. To determine the basis for the decrease in tolerance of the Nrf 2 homozygous null mice to xenobiotics, enzyme assay, Western blotting and gene-specific real-time PCR (TaqMan2) have been used to examine the extent to which hepatic expression of GSHdependent enzymes is influenced by the transcription factor. The amounts of protein and mRNA for class Alpha, Mu and Pi glutathione S-transferases were compared between WT and Nrf2 knockout (KO) mice of both sexes under both constitutive and inducible conditions. Among the class Alpha and class Mu transferases, constitutive expression of Gsta1, Gsta2, Gstm1, Gstm2, Gstm3, Gstm4 and Gstm6 subunits was reduced in the livers of Nrf 2 mutant mice to between 3 % and 60 % of that observed in WT mice. Induction of these subunits by butylated hydroxyanisole (BHA) was more marked in WT female mice than in WT male mice. TaqMan2 analyses showed the increase in transferase mRNA caused by BHA was attenuated in Nrf 2 −/− mice, with the effect being most apparent in the case of Gsta1,
INTRODUCTION
The ability to withstand toxic chemicals and oxidative stress is essential for the survival of all organisms. Various mechanisms have evolved to protect cells against foreign compounds and reactive oxygen species, including efflux pumps, antioxidant proteins and GSH, drug-metabolism, sequestration of toxins and DNA repair [1] . A number of genes encoding proteins involved in these processes can be induced by the compounds against which they provide protection, thereby enabling cells to survive exposure to harmful xenobiotics as well as oxidants [1, 2] .
One of the most versatile mechanisms of transcriptional adaptation to chemical stress involves the antioxidant-responsive element (ARE). This enhancer was first discovered because of its involvement in the inducible regulation of rat glutathione scription factor. In mouse experimental models possessing disrupted Nrf 2, increased sensitivity to 1-chloro-2,4-dinitrobenzene (CDNB) [12] , acetaminophen [13, 14] , butylated hydroxytoluene [15] , ethoxyquin (EQ) [16] and coumarin (CMRN) [16] has been observed. The Nrf 2 −/− mice are more susceptible to DNA adduct formation in target tissue when exposed to diesel-exhaust fumes [17] , and during benzo[a]pyrene (BaP) carcinogenesis they develop more forestomach tumours than wild-type (WT) animals [18] . Loss of Nrf 2 might also influence sensitivity to hyperoxic lung injury [19] . These phenotypic changes presumably occur either through altered expression of ARE-driven genes or failure to adapt to chemical\oxidative stress, or both.
In mice with targeted disruption of Nrf 2, decreases have been reported in the constitutive and\or inducible expression of class Alpha, class Mu and class Pi glutathione S-transferases (GSTs), and the catalytic subunit of glutamate cysteine ligase (GCLC) [7, 9, [12] [13] [14] [15] [16] [17] [18] 20] . These studies raise several important mechanistic questions. First, it is unclear precisely how Nrf 2 exerts its pleiotropic effects in i o, because among mouse genes encoding antioxidant and detoxication enzymes, only the promoter of Gsta1 has been shown to contain a functional ARE ; in Gsta1, a 41 bp DNA fragment that contains two tandemly arrayed ' core ' ARE sequences has been referred to as an electrophile-responsive element [21] . It is therefore not known whether the effect of Nrf 2 on other detoxication genes is direct, or whether it acts indirectly. It could, for example, induce other transcription factors. Secondly, within some of the superfamilies of drug-metabolizing enzymes the identities of genes regulated by Nrf 2 is uncertain. Investigations into the phenotypic changes caused by disruption of Nrf 2 in the mouse have used Western blotting, Northern blotting and reverse-transcriptase PCR. These techniques cannot discriminate between gene products that share substantial sequence identity. In addition, these methods are at best only semiquantitative. Thus it is not possible to determine whether the expression of Gsta1 or another class Alpha transferase (for example, Gsta2) is influenced by loss of Nrf 2. Similar criticism can be levelled at data relating to class Mu GST and class Pi GST.
The lack of certainty about the identity of genes that are regulated by Nrf 2 represents a major impediment to a rigorous understanding of why mice, or cell lines, nulled for the bZIP factor are sensitive to xenobiotics. Although, as described above, this problem is primarily due to the lack of specificity and accuracy in analytical techniques employed, problems with the nomenclature of class Mu GST genes causes a further layer of confusion. Specifically, in 1991, protein purification and amino acid sequencing revealed the presence in mouse hepatic cytosol of a BHA-inducible class Mu transferase subunit that was called Yb & [22] . This subunit was re-designated Gstm4* when the unified nomenclature devised for human GST was applied to the murine transferases [23] , because it is distinct from the three class Mu transferases that had been described previously [24, 25] . Thereafter, between 1995 and 1998 two further class Mu family members were identified in the mouse, both of which were called Gstm5 [26] [27] [28] . In the present study, we have used the term Gstm5 to describe the testis\brain-specific subunit reported by Fulcher et al. [26] and Rowe et al. [27] , since this was the first of the two most recently characterized class Mu transferases to be cloned. We now refer to the remaining class Mu subunit that was reported by De Bruin et al. [28] as Gstm6.
The objective of the present study was to determine the role in i o of Nrf 2 in the expression of GST isoenzymes and the enzymes involved in GSH biosynthesis in livers of male and female mice. We first undertook cloning of the cDNA for Gstm4* to determine its entire primary structure, thereby allowing the nomenclature for the class Mu GST to be defined unambiguously. Subsequently, we developed gene-specific TaqMan2 real-time PCR assays for all known murine mRNAs encoding class Alpha (Gsta1, Gsta2, Gsta3, Gsta4), class Mu (Gstm1, Gstm2, Gstm3, Gstm4, Gstm5, Gstm6) and class Pi (Gstp1, Gstp2) transferases. Similar assays were also established for GCLC and the glutamate cysteine ligase modifier subunit (GCLM ; for a review of the function and regulation of GCL subunits, see [2] ). Besides examining constitutive gene expression in Nrf 2 −/− and Nrf 2 +/+ mice, induction by BHA has also been studied because, through metabolism to t-BHQ, it stimulates ARE-driven transcription [7] .
MATERIALS AND METHODS

Chemicals
These were all of the highest purity that was commercially available, and the sources have been described in previous publications from our laboratories [16] .
Animals
Throughout this study, mice were treated as recommended by regulations contained in the Animals and Scientific Procedure Act (1986) of the U.K. Generation of the Nrf 2 −/− mouse and genotyping of progeny has been described elsewhere [9, 16] .
Mice were housed at a temperature range of 19-23 mC under 12 h light\dark cycles. They were routinely fed ad lib. on RM1 laboratory animal feed (SDS Ltd, Witham, Essex, U.K.), and given free access to water. Mice of between 10 and 12 weeks of age were used for feeding experiments. These were each of 14 days' duration, and involved supplementing the RM1 diet as follows : BHA, 0.5 % (w\w) or 0.25 % (w\w) ; EQ, 0.25 % (w\w) ; oltipraz (OPZ), 0.075 % (w\w) ; indole-3-carbinol (I3C), 0.5 % (w\w) ; cafestol and kahweol palmitate (CjK), 0.025 % (w\w) ; sulforaphane (SUL), 3 µmol\g ; coumarin (CMRN), 0.25 % (w\w) ; 3-hydroxy-CMRN (3-OH CMRN), 0.25 % (w\w) ; 7-hydroxy-CMRN (7-OH CMRN), 0.25 % (w\w) ; limettin (LMTN), 0.25 % (w\w) ; and α-angelicalactone (AGLN), 0.25 % (w\w).
Five separate feeding experiments were undertaken, each of 14 days' duration. In the first four experiments, male Nrf 2 knockout (KO) and WT mice were fed the following diets : 1, control or BHA [at 0.5 % (w\w)] ; 2, control, EQ, OPZ or I3C ; 3, control, CjK or SUL ; 4, control, CMRN, 3-OH CMRN, 7-OH CMRN, LMTN or AGLN. In experiment 5, both male and female Nrf 2 KO and WT mice were fed either control or BHA [at 0.25 % (w\w)] diets.
Once the test-feeding period was complete, animals were killed by exposure to a rising concentration of CO # , followed by cervical dislocation. Livers were removed and snap-frozen immediately in liquid N # , before being stored at k70 mC.
Preparation of hepatic cytosol
Upon removal from the k70 mC freezer, portions (approx. 350 mg) of livers from each mouse were pulverized separately using a pestle and mortar under liquid N # . The resulting finely ground material from each sample was resuspended in 4 ml of ice-cold 50 mM Hepes buffer, pH 7.5, containing 150 mM NaCl and 1 mM dithiothreitol. This buffer was fortified with Complete EDTA-free protease inhibitor at a dose of one tablet\50 ml buffer, as recommended by Roche Diagnostics Ltd (Lewes, East Sussex, U.K.). The pulverized hepatic material was placed on ice and homogenized mechanically by three separate 30 s pulses using an Omni homogenizer. The resulting extracts were subjected to two centrifugation steps at 4 mC (15 000 g for 45 min, Regulation of murine class Alpha, Mu and Pi GST genes by Nrf 2 Table 1 Oligonucleotide primers and probes for TaqMan2 analyses   mRNA  Primers  Probe   Gsta1  forward : 5h-CCCCTTTCCCTCTGCTGAAG-3h  5h-TTCCTTGCTTCTTGAATTTGTTTTGCATCCAT-3h  reverse : 5h-TGCAGCTTCACTGAATCTTGAAAG-3h  Gsta2  forward : 5h-CCCCTTTCCCTCTGCTGAAG-3h  5h-TTCCTTGCTTCTTCAATTTGTTTTGCATCCAA-3h  reverse : 5h-TGCAGCCACACTAAAACTTGAAAA-3h  Gsta3  forward : 5h-TGGACAACTTCCCTCTCCTGAA-3h  5h-TGAGAAGCAGAGTCAGCAACCTCCCCA-3h  reverse : 5h-AATCTTCTTTGCTGACTCAACACATT-3h  Gsta4 forward : 5h-AACTTGTATGGGAAGGACCTGAA-3h 5h-CCATCTGCATACATGTCAATCCTGACTCTCTC-3h reverse : 5h-CCACGGCAATCATCATCATC-3h Gstm1 forward : 5h-CCTATGATACTGGGATACTGGAACG-3h 5h-CGCGGACTGACACACCCGATCC-3h reverse : 5h-GGAGCGTCACCCATGGTG-3h Gstm2 forward : 5h-CCTATGACACTAGGTTACTGGGACA-3h 5h-CCGTGGGCTGGCTCACGCC-3h reverse : 5h-CACTGGCTTCGGTCATAGTCA-3h Gstm3 forward : 5h-TATGACACTGGGCTATTGGAACAC-3h 5h-CGCGGACTGACTCACTCCATCCG-3h reverse : 5h-GGGCATCCCCCATGACA-3h Gstm4 forward : 5h-AGGCTATGGATGTCTCCAATCAG-3h 5h-CCACCTTCAGTTTCTCAAAGTCTGGGCTG-3h reverse : 5h-TCCAGGGAGCTGCTCCAA-3h Gstm5 forward : 5h-GCTGGACGTGAAATTCAAGCTA-3h 5h-CTGGACTTTCCTAACCTGCCCTACCTCATGG-3h reverse : 5h-CGTTACTCTGGGTGATCTTGTTCTTC-3h Gstm6 forward : 5h-CCTCCCAGATCAGCTGAAACTCTA-3h 5h-TGCAAAGGTGATCTTGTCCCCTGCAA-3h reverse : 5h-TCAAGGACATCATAGACGAGGAAGT-3h Gstp1 forward : 5h-GCAAATATGTCACCCTCATCTACACC-3h 5h-AGGGCCTTCACGTAGTCATTCTTACCATTCTCATAGT-3h reverse : 5h-GCAGGGTCTCAAAAGGCTTCA-3h Gstp2 forward : 5h-CAAATATGGCACCATGATCTACAGA-3h 5h-AGGGCCTTCACGTAGTCATTCTTACCATTCTCATAGT-3h reverse : 5h-GCAGGGTCTCAAAAGGCTTCA-3h GCLC forward : 5h-GGCGATGTTCTTGAGACTCTGC-3h 5h-AGGACAAACCCCAACCATCCGACC-3h reverse : 5h-TTCCTTCGATCATGTAACTCCCATA-3h GCLM forward : 5h-CACAGGTAAAACCCAATAGTAACCAAGT-3h 5h-CTGGCCTCCTGCTGTGTGATGCC-3h reverse : 5h-GTGAGTCAGTAGCTGTATGTCAAATTGTT-3h followed by 100 000 g for 90 min). The final 100 000 g supernatants (cytosols) were collected and retained for enzyme analyses.
Analytical biochemistry
Protein concentration was determined as described previously [16] . GST enzyme activity was estimated using CDNB as the substrate [16] .
Western blotting
In all experiments, 4 µg of protein from different liver samples, along with a positive standard (usually 0.01 µg of immunogen) was subjected to SDS\PAGE in a Bio-Rad Mini-Protean II Cell apparatus (Bio-Rad Laboratories, Hemel Hempstead, Herts., U.K.). The electroblotting method used to transfer proteins from the SDS\PAGE-resolving gel to an Immobilon-P membrane, the blocking of free protein-binding sites on Immobilon-P and the various immunochemical reactions have been described elsewhere [16] . The final antibody complexes on Immobilon-P were visualized by enhanced chemiluminescence (ECL) and autoradiography.
To ensure that comparison between different liver samples was valid, SDS\PAGE was always performed in duplicate, with one of the gels being stained with Coomassie Blue to confirm equal loading. Following electroblotting, Immobilon-P membranes were routinely stained with Ponceau S to verify equal transfer of all samples.
Quantification of GST polypeptides
Levels of the various GST subunits in livers of Nrf 2 −/− and WT mice on control and BHA-containing diets were determined using a combination of affinity chromatography and reversedphase HPLC. The class Alpha, Mu and Pi GSTs were isolated from hepatic cytosol (approx. 500 mg of protein) by chromatography on 1.6 cmi8.0 cm columns of GSH-agarose that were equilibrated with 50 mM Tris\HCl, pH 7.5. After extensive washing of the affinity column to remove non-specifically bound protein, the GST isoenzymes were eluted isocratically in a single pool by elution of the affinity column with 20 mM GSH in 100 mM Tris\HCl, pH 9.0. Individual GST subunits were resolved by reversed-phase HPLC on a 0.46 cmi25.0 cm Brownlee C ") reversed-phase column (7 µm particle size and 30 nm pore size), which was eluted in two stages with a 25-54 % gradient of acetonitrile in aq. 0.1 % (v\v) trifluoroacetic acid : from 0-5 min, the column was eluted with a linear gradient of 25-43 % acetonitrile, and the flow rate was increased from 0.1 ml\min to 1.0 ml\min ; from 5-60 min, the column was eluted at 1.0 ml\min with a linear gradient of 43-54 % acetonitrile. The eluate from the HPLC column was monitored for absorbance at 214 nm, and the amount of each subunit was estimated from the peak area using molar absorption coefficients that have been calculated by Johnson et al. [29] for the rat transferases. Collation of results from various groups of workers [22, 27, 30, 31] indicates the murine polypeptides are eluted from reversed-phase HPLC columns in the following order : Gstm3, Gstm1, Gstm2, Gsta3, Gstp1\2, Gstm5, Gsta1, Gsta2, Gstm4* (Yb & ) and Gsta4. Identification of these peaks is facilitated by the fact that the concentration of Gstp1 and Gstp2 in the livers of male mice greatly exceeds that found in livers of female mice [31, 32] .
Molecular cloning of Gstm4
Both bioinformatics and a nested PCR strategy were employed to clone Gstm4. Sense oligonucleotides specific for the 5h-untranslated region end of the cDNA (GM4F1, 5h-CCGGAG-CCGGGGACTCA-3h ; GM4F2, 5h-AGTCTCAGGCACCAG-CATC-3h) were designed following a personal communication from Dr William R. Pearson (University of Virginia, VA, U.S.A.), indicating that an IMAGE clone (GenBank2 accession number AA538006) encodes part of Gstm4. Amplification of the cDNA was achieved using the sense oligonucleotides in two 3h RACE (rapid amplification of cDNA ends) reactions. For this purpose, the oligo(dT) anchor primer was 5h-GACCACGCGTATCGA-TGTCGACTTTTTTTTTTTTTTTTV-3h (where V is A or G or C), and the anchor primer was 5h-GACCACGCGTATCGAT-GTCGAC-3h.
The cDNA for Gstm4 was amplified in two separate reactions. Total RNA from the liver of a male Nrf 2 +/+ mouse on a control diet as template was isolated using an RNeasy kit (Qiagen Ltd., Crawley, West Sussex, U.K.). It was reverse-transcribed in the presence of oligo(dT)-anchor primer using SuperScript TM II (Gibco BRL, Life Technologies Ltd, Paisley, Scotland, U.K.) according to the supplier's instructions. The PCR was performed in 50 µl of reaction buffer containing approx. 100 ng of template DNA, 200 ng of each of the two oligonucleotides, 0.2 mM each of the four dNTPs and 1.25 units of Pfu Turbo2 DNA polymerase (Stratagene, Amsterdam-Zuidoost, The Netherlands). In the first amplification reaction, the DNA template was subjected to an initial 94 mC denaturation step for 2 min. Thereafter, for the following 35 cycles, the DNA was denatured by heating at 94 mC for 45 s, the GM4F1 oligonucleotide and the oligo(dT)-anchor primer were allowed to anneal at 52 mC for 45 s, and elongation of the primers took place at 72 mC for 2 min. In the final cycle, the DNA was extended at 72 mC for 10 min to yield the first PCR products. An aliquot of this reaction mixture (1 µl) was diluted 1 : 10 before being subjected to a second nested PCR using GM4F2 and the same anchor primer oligonucleotides used in the first amplification reaction. The conditions employed for the second PCR were identical with those used for the first amplification, with the single exception that the primers were annealed at 55 mC in order to increase specificity.
Measurement of mRNA levels
This was performed using TaqMan2 chemistry. The method first entailed cDNA synthesis from hepatic RNA, and this was followed by quantitative real-time PCR using the PerkinElmer\ Applied Biosystems Prism Model 7700 Sequence Detector instrument.
Total RNA from livers of male and female Nrf 2 −/− and WT mice was prepared using RNeasy kits (Qiagen Ltd.). Contaminating genomic DNA was removed from 400 µg of RNA by on-column DNase digestion (Qiagen Ltd.). In each sample, single-stranded cDNA was synthesized using 100 units of Superscript II reverse transcriptase (Gibco BRL) and 0.15 µg of random hexamers (Promega UK, Chilworth, Southampton, U.K.) in a 20 µl solution of 50 mM Tris\HCl, pH 8.0, 75 mM KCl and 3 mM MgCl # containing 10 mM dithiothreitol and 1 mM dNTPs. The reaction mixture was left to equilibrate at 25 mC for 15 min before synthesis was allowed to proceed at 42 mC for 50 min. Finally, the reaction was terminated by incubation at 70 mC for 10 min, and the cDNA-containing reaction mixtures were diluted to 200 µl and stored at k20 mC until required.
Matching oligonucleotide primers and fluorescent probes used for real-time PCR were designed using the software Primer Express TM (PerkinElmer Applied Biosystems), and are listed in Table 1 . The primers were synthesized by MWG-Biotech UK Ltd. (Milton Keynes, U.K.). The probes, which were labelled with a 5h fluorescent reporter dye (6-carboxyfluorescein) and a 3h quenching dye (6-carboxytetramethylrhodamine), were synthesized by Cruachem Ltd. (Glasgow, Scotland, U.K.). Each PCR mix (15 µl) contained between 10 and 15 ng of cDNA, 900 nM forward and reverse oligonucleotide primers and 200 nM probe in 1i (final concentration) TaqMan2 Master Mix (PerkinElmer). Amplification of cDNA was performed over 41 cycles in the Prism Model 7700 Sequence Detector instrument. The first cycle was performed using 50 mC for 2 min, followed by 95 mC for 10 min. Cycles 2-41 were performed at 95 mC for 15 s, followed by 60 mC for 1 min. Reactions were monitored by measuring fluorescence at 518 nm with excitation at 494 nm. Each assay was performed in triplicate.
The specificity of PCR amplifications from the various sets of oligonucleotide primers was examined routinely by agarose-gel electrophoresis. In the case of highly similar GST mRNAs, the specificity of the TaqMan2 reactions was checked by using serial dilutions of several different authentic cDNAs as template.
The TaqMan2 software was used to calculate a C t value for each reaction ; this value represents the extension phase of PCR, where the fluorescence signal produced by the amplified product can be distinguished from background. The level of 18 S ribosomal RNA was used as an internal standard (using a kit from PerkinElmer).
RESULTS
Identification of the cDNA for Gstm4* and definition of nomenclature for murine class Mu GST
The class Mu Gstm4* subunit, originally called Yb & , was first purified as a heterodimer with Gstm1 from the livers of mice fed on a BHA-containing diet, and its C-terminal 198-218 residues Figure 1 Comparison between sequences of CNBr peptides generated from Yb 5 
and equivalent regions of other class Mu GST
(A) The sequence of the Yb 5 CNBr-a peptide described by Hayes et al. [22] , is shown aligned with residues 198-218 of class Mu transferases ; the numbering of the residues includes the initiator methionine, but not the four-amino-acid N-terminal extension that is unique to mouse Gstm5. The reference provided against the murine class Mu transferases represents the first description of the cDNA clone for individual subunits. The entry against Gstm4 represents the RIKEN cDNA 1110004G14 (accession number AK003418). (B) The sequence of the Yb 5 CNBr-d peptide [22] is shown aligned with residues 105-130 of class Mu GST. Regulation of murine class Alpha, Mu and Pi GST genes by Nrf 2 were sequenced following cleavage with CNBr [22] . The C-terminal CNBr peptide from Gstm4* was used for a BLAST search of cDNA databases, because this region of class Mu GST polypeptides is divergent [27] . The CNBr peptide gave a 100 % match with a hypothetical mouse protein encoded by a RIKEN cDNA (1110004G14 ; accession number AK003418) cloned from the mRNA of an 18-day-old C57BL\6J mouse embryo ( Figure  1A ). By contrast, the CNBr peptide was found to share between 43 % and 72 % identity with the equivalent C-terminal regions of murine Gstm1, Gstm2, Gstm3, Gstm5 and Gstm6. An additional CNBr peptide representing residues 105-130 of Gstm4* was also aligned with the protein encoded by the RIKEN cDNA clone. Although this contained one mismatch with the predicted amino acid sequence of the equivalent peptide in Gstm4, at least seven differences were observed when the CNBr peptide was compared with the amino acid sequence of the equivalent region in other mouse class Mu GSTs ( Figure 1B) . The published RIKEN expressed sequence tag (EST) sequence for the putative Gstm4* (AK003418) appeared to lack nucleotides encoding the N-terminus of the protein. According to information provided by Dr William R. Pearson, the N-terminal region of Gstm4 was considered to be likely to be encoded by IMAGE clone 930982 (AA538006). A 3h-RACE approach was therefore adopted to isolate a cDNA containing the entire coding region of Gstm4*. This was achieved using RNA isolated from male Nrf 2 +/+ mice fed on a control diet using an oligo(dT)-anchor primer targeted to the polyadenylated [poly(A) + ] tail of the message, and sense oligonucleotides found in the partiallength IMAGE clone aa538006, as described above. Figure 2 shows the cDNA sequence of Gstm4 and the predicted translated product. The determination of the full coding sequence for Gstm4 obviates the need for the asterisk in the subunit designation, and it is omitted hereafter.
It was noted originally that Gstm4 cross-reacted with antibodies raised against the rat GSTM5 subunit [22] . Therefore positive immunoblots of mouse tissues that have been generated by probing with anti-rGSTM5 (see [7] and [16] ) could be due to
Figure 3 Constitutive and inducible Gsta1/2 protein levels in the liver of WT and Nrf2 mutant mice fed on diets containing different xenobiotics
Both Nrf2 + / + and Nrf2 − / − mice were fed on diets supplemented with synthetic chemopreventive agents or phytochemicals, as described in the Materials and methods section. Portions (4 µg of protein) of cytosol from liver of WT and KO mice were subjected to Western blotting. Equality in the loading of protein from different samples was verified after electrophoresis by inspecting the intensity of Coomassie Blue staining of polyacrylamide gels, and of Ponceau S staining of Immobilon-P membranes. ECL located immunochemically cross-reacting polypeptides, and the results were visualized by autoradiography. Results from experiments 1 and 2 are shown in (A), whereas results from experiments 3 and 4 are shown in (B) and (C) respectively. The dietary supplements are indicated at the top of each panel. Affinity-purified rat liver GST was included as a standard (Std) in lane 1 of the gel. The genotype of each group of mice, WT and homozygous Nrf2 mutant (KO) mice, is shown above the appropriate lane. The results presented are typical of those obtained ; they were repeated on at least three separate occasions. Closely similar patterns of cross-reacting proteins were produced when the blots were repeated. Con, control.
cross-reactivity with either murine Gstm4 or Gstm5. Thus, in the blots presented below, cross-reactivity with anti-rat GSTM5 is labelled Gstm4\5.
BHA represents a potent inducer of class Alpha GST subunits in mouse liver
Before examining the regulation of hepatic detoxification and antioxidant genes in WT and Nrf 2 KO mice of both sexes, an initial investigation was undertaken to identify which chemopreventive agent might serve as the best model inducer of these genes in the liver. For this purpose, the series of livers that was generated during the study of McMahon et al. [16] into induction of detoxication proteins in the small intestine of WT and Nrf 2 KO mice was examined. It should be noted that this series comprised only livers from male mice. Table 2 shows that increases in GST activity of between 1.7-fold and 3.6-fold were observed in the livers of WT mice fed on diets containing BHA, EQ, OPZ, I3C, CMRN, LMTN or Regulation of murine class Alpha, Mu and Pi GST genes by Nrf 2 AGLN. In Nrf 2-nulled mice, inclusion of the xenobiotics in the diet had essentially no effect on hepatic transferase activity.
Immunoblotting of hepatic cytosols from male WT mice revealed that feeding these animals on diets containing BHA, EQ, OPZ, CMRN, LMTN or AGLN resulted in substantial increases in Gsta1\2 subunits (Figure 3 ). By comparison, Western blotting with antibodies raised against mouse Gstm1-1, rat GSTM5-5 and mouse Gstp1-2 showed a less obvious increase in the transferase subunits in livers of male mice fed on diets containing the various xenobiotics (results not shown).
Dependence on Nrf 2 for constitutive and inducible hepatic GST activities is apparent in both sexes
Having demonstrated that BHA is one of the more potent inducing agents among those readily commercially available, it was decided to examine induction by this antioxidant in both male and female mouse liver. The decision to study induction in male and female mice was taken because the expression of Pi class GST is sexually dimorphic in mouse liver [31, 32] , and induction of the transferases can vary in male and female mice [33] . The possibility that the hepatic levels of detoxication and antioxidant proteins are dependent on Nrf 2 in a sex-specific fashion was therefore considered.
GST activity was lower in the livers from female WT mice fed on a control diet than in male mice supplied with the same food (Table 3 ). This sex difference in constitutive hepatic GST activity was still apparent in the KO animals, but in both females and males on a control diet the CDNB-GSH-conjugating activity in the liver was diminished. Transferase activity in the livers of female WT mice treated with BHA was increased to a greater extent than in males. However, only a modest induction of GST activity by BHA was observed in the livers of female Nrf 2 KO mice.
Sex-specific effects of BHA on GST proteins in livers from
Nrf 2 + / + and Nrf 2 − / − mice Constitutive amounts of the class Alpha Gsta1\2 subunits were similar in livers from male and female WT mice. The livers of male Nrf 2 −/− mice, but not female Nrf 2 −/− mice, showed a modest reduction in the constitutive levels of Gsta1\2. In agreement with previous work, these subunits were found to be induced in the livers of WT mice placed on a BHA-containing diet. A comparison between the hepatic levels of Gsta1\2 in male and female Nrf 2 −/− mice fed on a control diet with genetically similar mice fed on a BHA-containing diet suggests that these
Figure 4 Nrf2 influences the constitutive and inducible expression of detoxication and antioxidant proteins in the livers of both male and female mice
Male and female Nrf2 WT and male and female Nrf2 KO mice were fed on either the RM1 control diet or RM1 diet containing 0.25 % (w/w) BHA for 14 days. Hepatic extracts were prepared and portions (4 µg of protein) were examined by Western blotting, as described above. Protein loading was checked as described in the legend to Figure 3 . The dietary treatments are shown at the top of the Figure. All gels were loaded in a similar fashion, and the identity of the samples applied to each lane is indicated above the autoradiogram for Gsta1/2. The identity of the murine proteins that are known to cross-react with the antiserum used to probe each blot is indicated in the left-hand margin. In lane 1 of each blot, a positive standard (Std) was included. For class Alpha transferases and Gstm1/2, affinity-purified rat liver GST was used as a standard ; for Gstm4/5, affinity-purified mouse testis transferases were used as standard ; for Gstp1/2, affinitypurified rat lung GST was used as standard. For GCL, rat kidney cytosol was used as the standard. For GS, recombinant protein served as standard.
class Alpha subunits are modestly inducible in the KO animals of both sexes (Figure 4) .
Western blotting revealed little difference in the hepatic level of Gsta3 in male and female WT mice placed on either control or BHA diets. In livers of male Nrf 2 −/− mice fed on a control diet, there was evidence that Gsta3 was expressed in lower amounts than in WT control livers. The Gsta4 subunit was found consistently to be present in slightly higher amounts in livers of
Table 4 Quantification of GST subunits in mouse liver by HPLC
The transferases that were purified from mouse liver by affinity chromatography on columns of GSH-agarose were subjected to reversed-phase HPLC on a Brownlee C 18 column, and quantified as described in the Materials and methods section. The BHA was supplied at 0.25 % (w/w) in the RM1 laboratory animal feed. nd, not determined (insufficient material).
Sex and genotype Diet
Level of glutathione S-transferase subunits (mg/g cytosolic protein)* * The mean value from three separate HPLC analyses of affinity-purified GST obtained from three different livers. The statistical significance of the data was determined using ANOVA followed by the Newman-Keuls test.
† The Gsta1 and Gsta2 subunits from mouse liver exhibit poor affinity for the GSH-agarose chromatography matix [34] , and therefore the Gsta1/2 subunit levels in the Table are underestimates. ‡ The Gstp1 and Gstp2 subunits cannot be resolved by reversed-phase HPLC. Thus the data in this female WT mice that those of male WT mice, and again the constitutive level of Gsta4 was found to be lower in the KO mice. Mu class Gstm1\2 subunit(s) did not demonstrate sex-specific differences in mouse liver, although both the constitutive and inducible levels of Gstm1\2 were dependent on Nrf 2 ( Figure 4) . The Gstm4\5 polypeptide(s) were expressed at higher levels in livers from female WT and female Nrf 2 KO mice than in livers from genetically equivalent male animals. In WT mice of both sexes, Gstm4\5 was found to be inducible by BHA, with higher levels of the protein in livers of female animals still being apparent.
Under normal dietary conditions the Gstp1\2 subunit(s) was present at substantially lower amounts in livers from female WT mice than in livers from male mice. In Nrf 2 −/− mice fed on a control diet, the sex-specific expression of Pi class GST was still obvious. Indeed, constitutive hepatic expression of Gstp1\2 appeared to be diminished in mutant female mice, but not in male mice. Figure 4 shows that, in livers of female WT mice, the relative increase in Gstp1\2 affected by BHA treatment is much greater than is the case in livers from male mice. The increase in protein is sufficient to largely obscure the sexual dimorphism in this GST class. Treatment of Nrf 2 −/− mice with BHA did not cause a large induction of Pi class GST. Thus livers from female mutant mice fed BHA contained significantly lower levels of Gstp1\2 protein than did livers from male mice.
Effects of Nrf2 on GSH-biosynthetic proteins in mouse liver
Antibodies against enzymes involved in GSH biosynthesis were used to probe liver samples from female and male mice. As has been noted before in the mouse small intestine [16] , significant inter-individual variation in the level of GCLC (previously called GCS h ) was also observed in the murine hepatic samples. Livers from female and male mice did not contain major differences in their levels of GCLC. BHA did not induce this subunit significantly in mouse liver. However, the constitutive level of GCLC in livers from both female and male mice was dependent on Nrf 2 ( Figure 4) . The GCLM subunit did not show evidence of sexual dimorphism in mouse liver, nor was it found to be inducible by BHA. Constitutive expression of GCLM was modestly reduced in the Nrf 2 KO mice (Figure 4) . Neither sex nor Nrf 2 or inducing agent influenced the expression of glutathione synthetase in mouse liver.
Regulation of GST subunits by Nrf 2 in mouse liver from both sexes
Affinity chromatography and HPLC were employed to quantify individual transferase subunits in mouse liver. On the basis of protein recovery from GSH-agarose, it was calculated that, in male WT mice fed on a control diet, the GST pool represented 3.6 % of the total hepatic cytosolic protein. In female mice fed on a control diet, the GST pool represented 2.7 % of the hepatic cytosolic protein. These data are similar to previous calculations of the hepatic GST content in DBA\2, C3H\He and C57BL6 mice [32] . Reversed-phase HPLC resolved seven GST-containing peaks from the pools of affinity-purified hepatic transferases. These were identified by their order of elution as Gstm1, Gstm2, Gsta3, Gstp1\2, Gsta1\2, Gstm4 and Gsta4. In addition, the Gstm3 subunit was eluted at 14 min as a minor ( 0.5 % of affinity-purified GST pool) incompletely resolved peak, immediately in front of Gstm1, and it was not quantified. Two other equally minor peaks that are thought to represent Gstm5 and Gstm6 were also observed, but were not quantified : Gstm5 eluted at 39 min between Gstp1\2 and Gsta1\2 ; Gstm6 eluted at 17 min immediately after Gstm2.
The Gsta1 and Gsta2 homodimers from mouse liver cytosol fail to bind GSH-agarose [34] , and, although Table 4 shows the subunits are induced by BHA, the values presented are underestimates, since the majority of these subunits will not have been present in the GST pool analysed by HPLC. A modest reduction in the level of Gsta3 was observed in the livers of male Nrf 2 −/− mice when compared with male Nrf 2 +/+ mice. Similar differences in hepatic Gsta3 were also apparent when female KO mice were compared with female WT mice, but the influence of Nrf 2 on constitutive expression of the transferase is less obvious than in the male.
Major differences were found in the amount of hepatic Gstm1 in WT and KO mice of either sex. The level of Gstm1 in livers of Nrf 2 −/− mice fed on a control diet was only 10 % of that in WT mice (Table 4) . Furthermore, whereas BHA increased the levels of Gstm1 approx. 6-fold in male and female WT mice, the Regulation of murine class Alpha, Mu and Pi GST genes by Nrf 2 Table 5 Quantification of hepatic mRNA for GST and GCL in WT and Nrf2 − / − mice fed on either a control diet or one containing BHA In each experimental group, total RNA from the livers of three different mice was combined and mRNA was quantified by TaqMan2 using 18 S RNA as an internal standard. Each assay was performed in triplicate on at least two separate occasions. The values presented represent meanspS.E.M. mRNA levels, and are expressed as a ratio of the amount measured in the liver of Nrf 2 + / + mice of the same sex that were fed on a control diet. Comparison between the sexes revealed that the level of mRNA for Gsta1, Gstm4, Gstm6, Gstp1 and Gstp2 was 3.4-, 2.6-, 4.2-, 5.4-and 4.3-fold higher respectively in the livers of male WT mice fed on a control diet than in the livers of female WT mice. The control diet was RM1 animal feed, and BHA was provided in the RM1 diet at a dose of 0.25 % by weight. phenolic antioxidant increased Gstm1 in male and female mutant mice only approx. 2.5-fold over the constitutive levels observed in Nrf 2 KO mice. The HPLC method allowed measurement of Gstm2 in mouse liver, despite the fact it is quantitatively a relatively minor transferase subunit. Table 4 shows that the constitutive level of this subunit is reduced in the absence of Nrf 2. Furthermore, dietary BHA affected a 20-fold increase in the hepatic content of Gstm2, and this induction was lost in the KO animals. The Gstm4 subunit was not abundant, and its constitutive levels could not be quantified with accuracy. Nevertheless, it was clearly inducible by BHA in WT mice, but not Nrf 2 −/− mice.
The expression of class Pi GST in mouse liver is sexually dimorphic, and this is influenced by Nrf 2. Livers of female control WT mice contain only approx. 25 % of the amount of Gstp1\2 that is found in male control WT mice (Table 4) . By comparison with Nrf 2 +/+ mice, the content of Gstp1\2 is unchanged in the livers of male mutant mice fed on a control diet. However, in the livers of female Nrf 2 −/− mice the amount of Gstp1\2 is reduced below that observed in female Nrf 2 +/+ mice. As a consequence, the level of Gstp1\2 in livers of female mutant mice is only approx. 10 % of that in the livers of male mice. BHA induces hepatic class Pi GST approx. 2-fold and 4-fold, respectively, in male and female WT mice. In both male and female Nrf 2 −/− mice, induction of Gstp1\2 by BHA is abolished.
Nrf 2 regulates mRNA levels for GST and GCL
TaqMan2 real-time PCR assays were established to allow the effect of loss of Nrf 2 on mRNAs for a range of GSH-dependent enzymes to be quantified. In the livers of male and\or female Nrf 2 mutant mice, the constitutive levels of mRNA for Gsta1, Gsta2, Gstm1, Gstm3 and Gstm4 were reduced to between 3 % and 20 % of that in WT mice (Table 5 ). In addition, the levels of mRNA encoding Gsta3, Gsta4, Gstm2, Gstm6, Gstp1 and GCLC in the livers of mutant male and\or female mice fed on a control diet were reduced to between 30 % and 60 % of that in WT mice.
In addition to the PCR analyses described above, TaqMan2 assays have been established for Nrf1, Nrf 2, MafG, MafK and Keap1. It has been found that the mRNAs for Nrf1, MafG, MafK and Keap1 did not differ significantly in the livers of WT and KO mice fed on a control diet (Q. Jiang, C. R. Elcombe and J. D. Hayes, unpublished work). This is an important result, because it indicates that a general depression of transcription does not occur in the Nrf 2 −/− mice.
In Nrf 2 +/+ mice, BHA affected a large induction of the mRNA encoding Gsta1 and Gstm3, with less marked induction in message for Gsta2, Gstm1 and Gstm2. More modest increases in mRNA encoding Gstm4, Gstp1 and Gstp2 were also observed. It was noted that many of these genes were more inducible in female WT mice than in male mice. This was particularly obvious with Gsta1, Gstm1, Gstm2, Gstm3, Gstm4 and Gstp1. A number of mRNAs examined, such as Gsta3 and Gstm5, appeared relatively unaffected by BHA.
Induction of gene expression by BHA in Nrf 2 −/− mice was variable, and could not be predicted by the response in WT mice. When allowance is made for the low constitutive expression, the mRNA species encoding Gsta1, Gsta2, Gstm1 and Gstm2 were induced by BHA in KO mice, although the relative amount of induction caused by BHA was variable. With Gstp1 and Gstp2, induction by BHA was abolished in the KO mice. Interestingly, the continuous feeding of BHA for 14 days suppressed expression of GCLC in Nrf 2 −/− mice.
DISCUSSION
The objective of this paper was to determine the impact disruption of Nrf 2 has on expression of GST and GCL enzymes. Initially, the cDNA for Gstm4 was cloned in order to be certain that the class Mu transferases were defined unambiguously : Gstm1, Gstm2 and Gstm3 have been described in [24, 25] ; Gstm4, originally called Yb & [22] , is defined in Figure 2 of this paper ; Gstm5 and Gstm6 have been reported in [26] and [28] respectively. Subsequently, in this study, TaqMan2 assays were developed for all class Mu transferases and other GSTs, as well as GCLC and GCLM, to allow the expression of these antioxidant genes to be monitored.
The most striking observation of the present study is that constitutive hepatic expression of Gsta1, Gsta2, Gstm1, Gstm3, Gstm4 and GCLC is markedly reduced in Nrf 2 homozygous null mice. It is not widely appreciated that Nrf 2 regulates both constitutive and inducible expression of GSH-dependent enzymes in i o. Most importantly, our TaqMan2 data reveal that Nrf 2 influences the expression of a substantial battery of genes, including class Alpha, class Mu and class Pi GST.
Reduced constitutive expression of GSH-dependent enzymes in Nrf 2 KO mice and increased sensitivity to xenobiotics
Class Alpha Gsta1 and Gsta2 subunits are both present in the livers of Nrf 2 mutant mice fed on a control diet at 20 % of the levels observed in WT mice. The Gsta1-2 heterodimer (also called GST 9.5) has been isolated from mouse forestomach [35] . It possesses at least 10-fold higher catalytic efficiency than the other transferases towards 7β,8α-dihydroxy-9α,10α-oxy-7,8,9,10-tetrahydrobenzo[a]pyrene, the metabolite of BaP that represents the ultimate carcinogen [36] . Gsta1-2 also has high activity towards all the stereoisomers of trans-3,4-dihydroxy-1,2-oxy-1,2,3,4-tetrahydrobenzo[c]phenanthrene [37] . It is predicted that organs of Nrf 2 −/− mice that express Gsta1\2 subunits at a reduced level will be more sensitive to polycyclic aromatic hydrocarbons than WT mice. Real-time PCR has shown that the mRNAs for Gsta1 and Gsta2 are reduced in the stomach of Nrf 2 −/− mice to approx. 40 % and 10 %, respectively, of the level in the stomach of WT mice. This result may explain the observation that the KO mice develop more forestomach tumours than do WT mice when treated with BaP [18] . The fact that the lungs of mutant mice are more sensitive to the genotoxic effects of diesel fumes [17] might also be attributed to the relative lack of class Alpha transferases in such animals. Specifically, TaqMan2 assays have shown that the pulmonary level of mRNA for Gsta2 in the KO mouse is reduced to approx. 60 % of that found in the lung of WT mice (Q. Jiang, C. R. Elcombe and J. D. Hayes, unpublished work).
Mice are intrinsically resistant to aflatoxin B " hepatocarcinogenesis. This is attributed to the constitutive expression in the liver of Gsta3-3, a transferase with high activity towards aflatoxin B " -8,9-epoxide [38] [39] [40] . Table 4 shows that Gsta3 subunit levels in the liver of male Nrf 2 −/− fed on either a control or a BHA-containing diet were approx. 40 % of that in WT mice. Kwak et al. [41] reported that male Nrf 2-null mice accumulate 2.7-fold more aflatoxin B " -DNA adducts following exposure to the mycotoxin than do WT mice. Collectively, these data are consistent with the hypothesis that Gsta3-3 represents a major determinant of resistance to this hepatocarcinogen.
Constitutive expression of a number of class Mu transferases was found to be dependent on Nrf 2. The HPLC method indicated that the livers of Nrf 2 −/− mice contain significantly lower amounts of the Gstm1 and Gstm2 subunits than do WT mice. Similarly, the levels of mRNA species for class Mu GST in the livers of Nrf 2 KO mice was reduced to 10-50 % of the amount in WT mice. The physiological consequences of the reduced levels of class Mu transferases is difficult to predict, since relatively little is known about the catalytic properties of class Mu GST in the mouse. The conjugation of a number of carcinogens, including BaP-4,5-epoxide and 4-nitroquinoline 1-oxide, with GSH is catalysed in itro by Gstm1-1 [23] , and it is possible that Nrf 2 KO mice will be sensitive to these chemicals. Clearly, experiments are required to characterize the catalytic properties of this family of enzymes.
Hepatic expression of GCLC is diminished in Nrf 2-nulled mice, and this will compromise their ability to synthesize GSH in response to oxidative stress. It has been proposed that the sensitivity of the mutant mice to acetaminophen hepatotoxicity is due to an impaired ability to regenerate GSH following depletion by N-acetyl-p-benzoquinone-imine, the reactive metabolite of acetaminophen [13, 14] . It is apparent that other compounds that are conjugated with GSH before biliary excretion, and are eliminated ultimately from the body as mercapturic acids, may also be toxic for similar reasons.
Mechanism of induction of the Gsta1 gene by BHA
A large number of TaqMan2 real-time PCR assays have been developed that allow measurement of individual mRNA species in mouse tissues. By means of these assays, it has been shown for the first time that class Alpha Gsta1 is highly inducible in i o by BHA. Between nt k750 and k715 of Gsta1, a direct repeattype of ARE, 5h-TTGGAAATGACATTGCTAATGGTGACA-AAGCAACTT-3h (with the ' core ' ARE sequences underlined), has been identified [21] . It is reasonable to assume that this enhancer is responsible for the marked transcriptional activation of Gsta1 by BHA in WT mice.
Mechanism of induction of class Mu and class Pi GST genes by BHA
In the present study, we have provided evidence that Nrf 2 regulates the class Mu Gstm1 subunit in mouse liver. Approximately 0.6 kb flanking Gstm1 has been cloned, and because this region does not contain a perfect ARE consensus sequence, it cannot be stated with certainty why expression of the gene is reduced in Nrf 2 KO mice. An imperfect ARE sequence exists (5h-CTGACAGAGTT-3h) between nt k533 and k523 that can form a 15 bp palindrome (5h-CTGTCAGACTGACAG-3h) centred around nt k534 (underlined) [42] . It is not known whether this motif in Gstm1 can act as an enhancer, but it does invite comparison with the palindromic-type of ARE in the 5h-flanking region of the rat NAD(P)H :quinone oxidoreductase 1 gene [43] that represents a high-affinity binding site for Nrf 2 [44] .
The TaqMan2 data showed that Gstm3 is highly inducible by BHA, a finding that confirms previous Northern blotting experiments [42, 45] . However, a perfect ARE has not been identified in the promoter of this gene. To date, about 0.9 kb of the 5h-flanking region of Gstm3 has been cloned, and the imperfect ARE sequence 5h-CTGACCTCGAA-3h can be identified, in reverse orientation, between nucleotides k653 and k643 [42] . Mutation analysis of the core ARE in rat GSTA2 has shown that a C A transversion of the 3h cytosine within the cis-element causes loss of inducibility, but not basal expression [3] . It therefore seems improbable that this putative enhancer is responsible for the loss of constitutive expression in the Nrf 2 KO mice. It remains to be established whether a functional ARE exists further upstream of the 5h-flanking region that was described by Reinhart and Pearson [42] . The alternative possibility that BHA induction of Gstm3 is regulated indirectly by Nrf 2 also cannot be discounted. According to this hypothesis, Nrf 2 would affect induction of transcription factors that are regulated through ARE enhancers. Such examples could include c-Jun, JunB, ATF3 or ATF4, since they have been reported to be induced by tBHQ [46, 47] . Further investigations are required to test these possibilities.
Class Pi Gstp1 and Gstp2 are modestly inducible in female mice. The sequence 5h-TTGAGTCAGCA-3h is found not only between nt k60 and k50 flanking Gstp1, but also between nt k71 and k61 flanking Gstp2 [48, 49] . Given the fact that induction of Gstp1, and, to a lesser extent, Gstp2, by BHA is abolished in the KO mice, it seems likely that this putative ciselement serves as a recognition site for Nrf 2, even though it is not a perfect ARE.
Sex-specific induction
The present study has revealed that BHA is a more potent inducer of many GST genes in the livers of female mice than in the livers of male mice. This finding might be due to some type of co-operative interaction between the oestrogen receptor and Nrf 2. Alternatively, BHA may be metabolized in a sex-specific fashion. It could be postulated that t-BHQ accumulates to a greater extent in the livers of female mice than their male counterparts. Sex-specific differences may exist in sulphation or glucuronidation of BHA, or the O-demethylation of BHA to t-BHQ, or the oxidase and GST responsible for conversion of t-BHQ into t-butyl-1,4-benzoquinone and subsequent conjugation with GSH (see [50] for details of biotransformation of BHA). These possibilities warrant investigation.
Concluding comments
TaqMan2 real-time PCR has been used to examine the effect of the Nrf 2 bZIP transcription on expression of individual antioxidant and\or detoxication genes in a gene KO mouse model. Such assays, along with conventional analytical biochemistry methods, have shown that the constitutive hepatic expression of various class Alpha and class Mu GST, along with expression of GCLC, is reduced significantly in Nrf 2 −/− mice. In Nrf 2 −/− mice, the ability of BHA to affect induction of protein\mRNA appeared to be independent of the changes in constitutive expression affected by the bZIP factor. Our results suggest that the innate loss of hepatic detoxification capacity in the Nrf 2 −/− mouse, as much as failure to elicit an adequate adaptive response, is responsible for the mutant mouse being less able to tolerate chemical and oxidative stress than WT mice. This apparent dissociation between constitutive and inducible expression warrants further investigation.
